Abstract
INTRODUCTION
With the rapidly increasing energy demand all over the world, saving lighting energy in building environments has acquired a new research area since the lighting energy constitutes about 20% of energy consumption in commercial establishments [1] . In this context solid state LEDs are expected to play a significant role in lighting systems due to the advantages of a Light Emitting Diode (LED) include long lifetime, low maintenance requirements, improved luminance, fast response, and smaller size [2] - [5] . Therefore, LEDs have been widely used for various lighting applications, such as traffic lights, flash lights, automotive lightings, signage lights, and liquid-crystal display (LCD) television backlights [6] . The LED driver circuit is an important component in LED lighting system. The methods for LED driving are generally classified into three basic categories [7] - [9] : constant voltage control, constant current controller, and constant power control. It is well established in the literature that constant power control of LED is far superior to constant voltage control and constant current control as given in [9] .
The architecture of existing LED lighting systems consists of a Photovoltaic (PV) source charging a battery and the battery is feeding the LED. This type of schematic is best suitable for applications such as night street lighting. However, there are several applications where the battery can be dispensed with and the sun light is directly converted into artificial light. This scheme is called light-to-light (LtL) conversion [10] . One typical application is high-energyefficient photo catalytic reactors [11] . One can also think of the use of LtL conversion schemes in indoor applications during day time such as air-conditioned cabins and conference halls, decorative lighting schemes in hotels and marriage halls. In all the above applications the PV can directly feed the LED system during the day time and intensity of LED illumination can be adjusted as desired.
While this scheme is simple in its perspective, the design of the feedback controller for output power regulation is a challenging task due to the following reasons: (i). The voltage-current characteristic is nonlinear. (ii). The dc-dc converter acting as interface between the PV array and the LED is also a non-linear system. With rapid change in climatic conditions such as solar insolation and ambient temperature, the PV array also possess a non-lineart characteristic.
Particle Swarm Optimization (PSO) is a stochastic optimization algorithm [12] - [16] and has simple structure, fast computation capability and can be incorporated in low cost micro controllers. Another advantage of PSO algorithm is that it is system independent when employed in real time applications. This paper proposes the output power regulation for a light to light conversion scheme based on Particle Swarm Optimization (PSO). A boost type dc-dc converter is interfaced between the PV module and the LED and the duty ratio of the converter is identified through PSO for a typical operating point. The PSO code is downloaded to a 16-bit PIC microcontroller and is used for tracking the reference power. The measured results are given to substantiate the new method.
ECONOMIC ANALYSIS
The present trend is to replace the existing lighting system with LED lighting system. This section therefore describes the total power saved by upgrading conventional lighting technology to LED technology. For a sample test data, LED lighting is proposed in a conference hall of 9 meter by 4 meter where the conventional fluorescent lamp fixtures were used to illuminate the hall during daytime. shown in Figure 2 . In order to obtain the same lux distribution and visual comfort, each fluorescent lamp is now replaced with LED system of 32W. Thus the total power saved for the conference hall is (75-32)*12=516W. Accordingly the savings obtained are computed in Tables 1,  2 The details of PV array are given in Table 5 . 
EXPERIMENTAL SYSTEM DESCRIPTION
The proposed LED power control scheme is given in Figure  3 . It consists of a PV array, a boost converter, LED lighting system and a feedback system for output power regulation. The LED current and voltage are sampled at the rate of 100 milliseconds. A multiplier is now used to compute the LED power, p 0 as in Figure 3 . If there is an error between the measured power output and the reference value, the particle swarm optimization algorithm is made to run on line. The program is terminated when the displacement among the particles reaches a set minimum value. Then the dc-dc converter is activated with this optimum duty ratio. 
PARTICLE SWARM OPTIMIZATION
The particle swarm optimization (PSO) algorithm belongs to the category of Swarm Intelligence methods [12] [13] [14] [15] [16] . PSO is a population-based algorithm that exploits a population of individuals to probe promising regions of the search space. In this context, the population is called a swarm and the individuals are called particles. PSO algorithm iteratively explores a multidimensional search space with a swarm of particles, looking for the global minimum (or maximum). Each particle "flies" through the search space according to its velocity vector. In every iteration, the velocity vector is adjusted so that prior best positions (cognitive aspect) and the best position found by particles within a specific neighborhood (social aspect) act as attractors. In the original PSO algorithm, the neighborhood of a particle consists of all particles, so that the global best position, i.e., the best solution found so far, directly influences its behaviour. Each particle moves with an adaptable velocity within the search space, and retains in its memory the best position it has encountered so far. In PSO, the agents are considered to have the ability to memorize the best position they have attained.
_______________________________________________________________________________________________
The steps of PSO technique for LED power control are given below. 
PSO ALGORITHM FOR CONSTANT POWER CONTROLLER
This section explains the implementation of Particle Swarm Optimization (PSO) based algorithm for regulating PV fed LED output power. A boost type dc-dc converter is used as the power converter and PIC microcontroller is used to generate pulses for the converter. The circuit diagram of constant power control scheme for Photo Voltaic (PV) array fed LED is shown in Fig. 3 . It employs a PV array as source, a boost converter comprising a power electronic switch such as IGBT, a power diode, an inductor, and a capacitor, a current sensor to sense the current flowing through the LED array, a potential divider to sense the voltage across the LED array, a multiplier to get the product of voltage across and current through the LED array, and a microcontroller to generate pulses to the boost converter. The output voltage across the LED array is measured and is given as one of the inputs to multiplier IC through the potential divider forming with R 1 and R 2 . The other input to the multiplier IC is the current flowing though the LED array. Now, the multiplier IC gives the output power (p 0 ) of the LED array which is given to the microcontroller. To set the required power, i.e., set power (P set ) is also given in terms of voltage to the microcontroller which uses particle swarm optimization (PSO) algorithm to process and gives pulses to the boost converter to maintain constant power to the LED array. The PIC16F876A microcontroller is used for producing firing pulses to the boost converter. This IC is available in 28-pin package. This device has three I/O ports and five A/D input channels and A/D conversion module is in-built.
_______________________________________________________________________________________________
A dedicated program for particle swarm optimisation based power regulation is developed in MPLAB and then downloaded to the PIC microcontroller for the closed loop operation. The experimental results are explained in the following section.
EXPERIMENTAL RESULTS
The PV array fed LED lighting system was fabricated in the laboratory. The specifications of the experimental system are given in Table 4 . Experiments were conducted at different operating points of the LED lighting system. Figure 6 (a) shows the output power response of the system for a step input of amplitude 12W. It is seen that the power output oscillates evidently due to random initial positions of the particles. As the iteration proceeds, the particles do come closer to each other and the PSO algorithm is terminated when the position of the best particle corresponds to the reference value of 12W. The response time is approximately 5 seconds.
After 20 seconds, the reference power is now increased to 24 W. The microcontroller senses the reference value and the PSO algorithm is re-started again. It is seen that the power output oscillates but settles to the reference value less than 5 seconds. The experimental results given in Figure  6 (a) clearly illustrate the tracking capability of the proposed algorithm.
During day time the solar insolation as well as ambient temperature will change due to environmental changes: sometimes these changes may be drastic such as a cloudy day or a very hot day in summer. The proposed controller must maintain the required power level in the conference hall for the efficiency of the working staff inside the conference hall. In order to test the controller with solar insolation change, artificial shading of the solar panel is now performed and this is shown in Figure 6 (b) with reduced solar insolation the LED output power comes down forcing the microcontroller to initialise the PSO algorithm. As can be seen from Figure 6 (b), the algorithm effectively identifies the new duty ratio so as to meet the reference power with decreased insolation. The search time is observed to be 5 seconds within which the dc-dc converter regulates the output power to 12W. The artificial shading is now removed increasing the solar insolation. This increases the output power from the PV array and hence the PSO algorithm is started once again to regulate the output power. The required regulation time is around 5 seconds. The performance curves in Figure 6 (b) illustrate the robust nature of the PSO algorithm in rejecting external as well as internal disturbances. 
CONCLUSION
This paper has illustrated a new method of output power regulation in LED lighting systems employing Particle Swarm Optimization approach. The proposed method is simple to implement and is also system independent. The measured results for different types of internal as well as external disturbances clearly illustrate that the proposed algorithm is robust and immune to various disturbances.
